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Singapore is going to implement a demand response (DR) program to further enhance the efficiency
and competitiveness of its electricity market. This paper aims to provide an in-depth investigation of
this DR program which features demand side bidding and incentive payments. First, the current market
clearing model (MCM) of Singapore’s existing wholesale market, which has no demand side bidding, is
introduced. A mathematical model of the MCM is formulated to explain and solve the current market
clearing process, where the energy and ancillary services are settled simultaneously through a form of
auction pricing. Second, the mechanism of how the demand side bidding is incorporated into the current
MCM is explained, with an emphasis on the demand side offer and the newly introduced constraints. A
modified MCM with DR is then formulated. Third, the incentive payment mechanism intended to promote
DR participation is elaborated. Numerical analysis is performed to demonstrate how the current MCM
and MCM with DR work, as well as how the incentive payment is settled. Various numerical case studies
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are carried out to discuss the economic benefits from participating in the DR program.
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1. Introduction

The wholesale electricity market of Singapore, as Asia’s first lib-
eralized electricity market, is constantly aiming to provide reliable
and secure energy supply, and promote effective competition [1].
A recent important change in the market is the introduction of a
demand response (DR) program which is scheduled for implemen-
tation in 2016. The newly introduced DR program is intended to
reduce the wholesale electricity price when it is high by allowing
the consumers to voluntarily reduce their energy demand. The final
determination paper on this topic was issued in 2013 by the Energy
Market Authority (EMA), the system operator of Singapore’s elec-
tricity market [2]. In December 2015, the Energy Market Company
(EMCQ), the independent market operator of Singapore’s wholesale
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electricity market, publicized the modification of the market rules
for implementation of the DR program [3]. This DR program is the
first initiative in Singapore to allow consumers actively manage
their demand in response to market prices.

Singapore’s current wholesale market is a real-time market
(spot market) consisting of a half-hourly auction of energy and
ancillary services. During each auction period, generation com-
panies provide energy and ancillary service offers which vary
depending on the demand forecast and their willingness to enter
the market for the upcoming dispatch period [1]. The trade of
energy among the market participants, e.g. generation companies
and load providers, is governed by a market clearing model
(MCM). The MCM considers the offers from generators and clears
the market by providing the market participants (1) the dispatch
schedule which corresponds to the least total cost of energy supply,
namely, the optimal dispatch schedule, and (2) the market clearing
price (MCP), which is the price used to settle the transactions.
When clearing the market, MCM has to balance the energy supply
with the load forecast while satisfying the physical constraints
from the generation facilities and transmission system, such as
capacity, ramping rate and congestion. Moreover, the MCM has to
fulfill a number of requirements, which are set by Power System
Operator (PSO) for ensuring reliable and secure energy supply. The
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Nomenclature!
q7 Supply excess (MW),n=1,2,3
A. Acronyms q; Supply deficit (MW), n=1,2,3
l]\)/l RCM II\D/Iemand response b? Binary integer variable for the ith supply offer
arket clearing model a, B3, wy, uy Slack variables (MW)
MCP Market clearing price o0 ko "k . .
PSO Power System Operator MCP Market clearing price ($/MWh) .
BVP Balance vesting price I j ifﬁlﬁg:éegffi?munt (MW) of the jth tranche of the
l]i/l[)[LP E?:;Z?;?g;%j;:gf;gr programming I, Scheduled amount (MW) of the kth load offer
EMA Energy Market Authority l Total scheduled.amount of load (MW)
EMC Energy Market Company TNC Tott";ll'non-curtallable. load (MW)
ACS Additional consumer surplus INC;, Inf;lmdual non-curtailable load (MW) of the kth load
- offer
;'I:\I C ;%ii?ﬁgﬁii{gﬁg;le load LG Scheduled curtailment (MW) in the kth load offer
LCQy Curtailed load (MWh) associated with the kth load
B. Constants offer .
VoLL Value of lost load ($5000/MWh) LREF,  Reference power consgmptlon (MW) of the kth load
D" Forecasted amount of system load or regulation LREFP™ gff;" r for the current dlspatgh period
(MW), n=1,3 . eference power copsumptlon (MW) of Fhe kthload
M Number of supply offers offer for th.e 1mmed{ately preceding period
" Number of the price-quantity tranches of the ith Lep Load cgrtallment price ($/ MWh.)
i supply offer 1Py, Incentive payment associated with the kth load offer
P Price ($/MWh) of the jth tranche of the ith offer, )
n=123
Q" Quantity (MW) of the jth tranche of the ith offer,
P, Zh}g‘i‘?{)idding price (10 x VoLL) Singapore’s MCM is different from many economic dispatch
K Violation penalty factor for excess amount models discussgd in the l?terature due to the fact that it schedules
Ky Violation penalty factor for deficit amount energy.and ancillary Services cpncurrently [4-7]. .
QEl Power to be exported (MW) DRis .well—k_nown for. bringing the.energy rr_mrket sygtem—w1de
Q,l Power to be imported (MW) benefits including reducing energy prices, curbing exercise of mar-
Ao Power loss factor ket power, enhancing system securities and promoting efficient
A Risk adjustment factor for reserve investments [5,8-10]. A number of most common obstacles and
Ay Reserve proportion factor challenges faced by DR, including those from consumer, producer
0; Capacity (MW) of the generating unit associated and central market structure, are examined in Ref. [11]. In order
with the ith offer to meet the DR goals and maximize the DR benefits, a variety of
Inf Alarge positive constant (MW) MCMS incorporating DR h‘_ave been d_eveloped [8,12-14].In Rgf. [8],
ResMAX; Maximum output (MW) associated with the ith aprice-based sglf—sghedulmg modelinthe day—ahead market is fo.r—
offfer to dispatch regulation mulated as a ml)fed integer !mear programming (MILP) prf)b}em, in
RegMIN; Minimum output (MW) associated with the ith order to determine the optimal .sghedule Qf DR.and maximize the
offer to dispatch regulation aggregator’s payoff. A decomposition algorithm is developed in Ref.
H Number of load offers [12] to address the optimization problem for market clearing with
St Number of the price-quantity tranches of the kth DR from end users. In Ref. [ 14], a real-time balancing market model
load offer is proposed to enable the elastic demand volumes and achieve
LP, Price ($/MWh) of the jth tranche of the kth load offer system-wide .balar.lc.ing. In particular, the MCM of smart grid oftgn
LQk’.j Quantity (MW)of the jth tranche of the kth load offer features .DR since it is considered as one of the key components in
TL, Total load of the kth load offer (MW) smart grid [15-1 8,]' o
TLlljre Total load of the kth load offer (MW) for the imme- The Smgapo.re s DR program is .mtroduced to alloyv the con-
diately preceding period sumers the op_tlon of managing their energy Fiemand in response
RU,,RD; Ramp-up and ramp-down rate (MW/min) associ- to the price signals Fhrough demgnd side bidding. Thus, during
ated with the kth load offer the occurrences of high energy prices, consumers can opt to cur-
II[:re Scheduled MW amount of the kth load offer for the tail their energy consumption thgreby le.admg to a redu.ctl.on in
immediately preceding period the energy price. Conceptually, this has similar cha.racterlstlcs as
0 Aggregate quantity (MWh) of the loads covered by some of the aforementloned DR work_s. .Yet,.the_ Singapore’s l?R
regulatory contracts program has two salient features that distinguish it from those dis-
cussed in the literature. The first feature is the form of its demand
C. Variables side offers and how the demand side offers are interpreted by
qr. Scheduled amount (MW) of the jth tranche of the the MCM. Unlike other demand side bidding offers, this DR pro-
L ith supply offer, n=1,2,3 gram requires the load providers to bid on the energy curtailment
g Scheduled amo,unt ('IviW) of the ith supply offer rath.er tha.n explicit energy copsumptiqn. The .second feature is
i =123 ’ _the mcentlv_e _payment r_nechamsm specially de51g_ned for promoF—
g Totai ;cheduled amount (MW) of energy, reserve ing DR participation. With these two features, this DR program is

and regulation, n=1,2,3

an important step towards achieving a more liberalized electric-
ity market in Singapore. The contribution of this paper is twofold.
First, it provides an in-depth review of Singapore’s wholesale elec-
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tricity market while highlighting the key constraints which are
imposed by Singapore’s PSO. This review offers valuable references
as Singapore’s electricity market is well-known for its reliability.
Second, it investigates the newly introduced DR program, which
is Singapore’s first initiative allowing consumers actively manag-
ing their loads, with an emphasis on the salient features which are
designed to smoothly introduce DR into the current regulated mar-
ket. Thus, this study serves as a valuable and instructive example for
the market deregulation practice, and particularly to those markets
intending to take the first initiative to introduce demand response.

In this work, the DR program is investigated through mathe-
matical formulation of a MCM which incorporates the DR program.
First, the current MCM which has no demand side bidding is intro-
duced. A mathematical model is formulated to explain the current
market clearing process, which is a co-optimization problem of
simultaneously scheduling energy and ancillary services. Second,
the demand side bidding of the DR program is introduced and a
modified MCM with DR incorporated is developed. Third, the incen-
tive payment mechanism which concerns how the DR participants
are rewarded for their accepted bidden curtailments is elaborated.
Extensive numerical analysis is performed to clearly demonstrate
how the current MCM works and how the MCM with DR works.

The remainder of this paper is organized as follows. Section 2
presents an overview of the wholesale market and formulates the
mathematical model of MCM. Section 3 discusses the details of the
DR program and formulates a modified MCM with DR. Section 4
reports the simulation analysis results. Section 5 draws conclusions
of this work.

2. Formulation of current MCM
2.1. Overview of current market

In the wholesale market of Singapore, energy and ancillary
services are simultaneously managed by the MCM. Among the var-
ious ancillary services, reserve and regulation are the two main
types. Reserve refers to the generation capacity required to cover
the energy loss when a generator or transmission line fails, and
regulation refers to the generation capacity to cover the second-to-
second variations between actual load and forecasted load. Before
each half-hourly dispatch period, generation companies will have
already decided their dispatchable generation units. Each of the dis-
patchable units will choose to bid on energy, reserve or regulation,
or a combination of them, depending on not only its willingness,
but also its eligibility for providing regulation and reserve. Without
loss of generality, for simplicity this work assumes that all dispatch-
able units will bid on energy, reserve and regulation simultaneously
with their respective offers. Each offer consists of a number of price-
quantity tranches specifying the quantity of energy, reserve and
regulation that the unit is willing to produce at the correspond-
ing energy, reserve and regulation prices. Fig. 1 shows a simplified
energy offer. The reserve and regulation offers are of similar form.
The capacity from the reserve offers is to cover the energy loss
in case of unexpected outage, e.g., generator failure. Three types
of reserve are required in Singapore to ensure a reliable energy
supply. Among which, contingency reserve is the most critical. A
reserve provision eligible unit is allowed to bid for and simultane-
ously provide all the three types of reserve. As contingency reserve
is of the imperial role, for simplicity this work only considers this
type of reserve.

Before submitting offers, the generation companies will be
advised on the amount of the forecasted system load and the regu-
lation requirement by the PSO. In contrast, the reserve requirement
is calculated dynamically from the expected size of the contingency,
which is associated with the specific dispatch schedule, rather than

4 Price ($/MWh)

jt" tranche

PY;; , -

»

TJ Quantity (MW)
Q ij

Fig. 1. A supply offer with price-quantity tranches.

a fixed value given beforehand. Once the offers are submitted, the
MCM will consider both the offers and the forecasted amount (of
system load and regulation) to formulate a co-optimization prob-
lem to solve the optimal dispatch schedule and the associated MCP.

2.2. Dispatch schedule

The MCM determines the accepted quantities, i.e., the MW
amounts to be dispatched, of each price-quantity tranche of all
offers. The scheduled capacity of one unit can be obtained through
simply adding up the dispatched quantities of its tranches. Let g
denote a vector whose elements are the accepted quantities of each
price-quantity tranche of all offers. As such, g can be defined as

T
a=[q}....q4. 4% ... 4.4} ... 43

1

where ql? = [qi’l,...,q;w}v q,.z = {q,ﬂqf?} and q? =

L,

[qil,...,q3T3 (i=1,...,M).

Let q}, q,.2 and q? denote the scheduled (accepted) energy,
reserve and regulation of the ith offer, respectively. Thus, the dis-
patch schedule is the set of q!, g2 and g (i=1,..,M). Furthermore,
let q', g% and ¢3 denote the total scheduled energy, reserve and
regulation, respectively. It is obvious that,

™
a =30 afy n=1.2.3 M
"=, ¢ n=1,2,3 2)
2.3. Constraints

Ideally, the energy, reserve and regulation to be dispatched
should perfectly meet their respective requirements. However, this
may lead to infeasibility, which is unacceptable in the real market.
To address this issue, the scheduled amounts of energy, reserve
and regulation are allowed to be different from their requirements
by an excess amount or a deficit amount. To further enhance the
robustness, the rest of constraints are relaxed as well by intro-
ducing slack variables. These slack variables are penalized in the
objective function with large violation penalty factor forcing them
to approach zero. The constraints that the MCM is subject to are
discussed below.

1) Energy balance constraint

The sum of scheduled energy should match the demand forecast
and the export/import plan. To ensure the feasibility, this constraint
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is relaxed to allow supply excess (i.e., g} ) and deficit (i.e., q(lj). Fur-
thermore, the power loss due to transmission is factored into the
load side. Thus, the energy balance constraint can be expressed as

q'+q} = (1+20)D' +Q} —Q/,
q' —qi <(1+20)D' +Q} - Q.

It should be noted that Singapore’s current MCM explicitly cal-
culates the power loss on transmission lines. This work introduces
Mo to simplify the power loss calculation.

(3)

2) Regulation balance constraint

Similar to the energy balance constraint, the regulation balance
constraint can be expressed as:

{f+ﬁzW,

(4)
¢ —q3 <D

3) Contingency reserve balance constraint

Unlike the energy and regulation, the amount of reserve is given
in a dynamic form, which is a function of the size of the largest gen-
erating unit and the power system response. The reserve capacity
is required to be sufficient to cover the loss resulted from any gen-
erator, including both its scheduled energy quantity and reserve
quantity. This capacity is further scaled by an adjustment factor A
set by the PSO to ensure a more secure supply. The power system
response, which is determined by the load damping and intertie
contribution, is neglected in this work for the sake of simplicity.
Consequently, this constraint can be expressed as

¢ +dz=n- max {qj+q}. (5)

4) Generator capacity constraint

The total amount of energy, reserve and regulation to be pro-
duced by each dispatchable unit should not exceed its maximum
generation capacity, i.e., 0;. This constraint can be written as

a+¢?+q¢ -al <0, i=1,...M (6)
5) Constraint on supply of reserve

In order to prevent each unit from contributing too much
reserve, the reserve from each dispatchable unit is only allowed up
to a portion of its scheduled energy. This constraint can be written
as

qlz_a,zf)"zq,]» i:15~"sM» (7)

where A is theratio provided by PSO to limit the quantity of reserve
which each generating unit can contribute.

6) Constraint on supply of regulation

When a unit is scheduled for dispatching regulation, it has to
satisfy two constraints:

e The sum of its scheduled energy and its scheduled regulation is
less than a pre-defined maximum amount (i.e., RegMAX;);

¢ [ts scheduled energy is greater than its scheduled regulation by a
pre-defined minimum amount (i.e., RegMIN;).

Both RegMAX; and RegMIN; are specific to the unit. Since these
two constraints are valid only when a unit is scheduled for reg-
ulation, binary variables b?(i =1,...,M) are introduced with 1

indicating it is scheduled regulation and O indicating it is not sched-
uled for regulation. Thus, it is obtained that

@G —Inf-b}<0,i=1,...,M,
ql +q; — o} —Inf - (1-b?) < RegMAX;, (8)
ql - + B3 +Inf - (1-b?) > RegMIN;.

7) Constraints on variables

The previously defined variables satisfy

0 =<q; =Q"%s
o, g3 >0,

qs, 95 > 0, (©)

n=1,2,3, i=1,..,M,

2.4. Objective function

The objective of Singapore’s MCM is to maximize the net benefit
of the market, which is the sum of producer surplus and consumer
surplus. To calculate the consumer surplus, the bidding price from
demand side is required. Since currently there is no bidding from
the demand side in the current market, the bidding price is set as a
very large value (i.e., P.). In addition to the net benefit, the penalties
for the slack variables that are induced to relax the constraints are
included in the objective function. Thus, the objective function is
formulated as below:

f=Pq' -g-v (10)

where

3 M Tk
= i pngn
E= D Dy Pl (1)
3 3 M M
— n n n 3
U_E:kﬁ&%+&%p+§;ﬂ§;ﬂm%+§;ﬂm@ (12)

Note that P; is a constant. Moreover, large violation penalty fac-
tors will push q' to meet the forecast value, i.e., D!, which is also a
constant. Thus, in the current MCM (which does not have demand
side bidding), maximizing the net benefit is equivalent to minimiz-
ing the overall supply cost although these two forms of objective
functions are fundamentally different. When demand side bidding
is considered, the objective function will still be the net benefit
whereas the specific form of the consumer surplus will be modified
to incorporate the demand side bidding offers.

2.5. Current MCM and MCP

With above discussion, the MCM is formulated as,

Find: q,

Maximizing: f

Subject to: Egs. (1)-(12)

The market clearing price is the marginal cost price, which is
defined as an incremental cost of producing an extra unit of gen-
eration. The MCP of energy, reserve and regulation are obtained
along with solving the MCM since they are the dual variables or
Lagrange multipliers corresponding to the balancing constraints
(i.e., Egs. (3)-(5)), respectively.
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Table 1
A load offer example.

Identity Total load (MW) Ramp-up rate (MW/min) Ramp-down rate (MW/min)
NTU 100 2 2
Price #1 ($/MWh) Quantity #1 (MW) Price #2 ($/MWh) Quantity #2 (MW)
500 30 400 20
4 Price ($/MWh
( ) (INCy, 10 x Voll)
---------- j* tranche (LQx 1, LPi1)
Py | | (L2 LPx2)

»

Quantity (MW)

LOy,j

Fig. 2. Aload offer with price-quantity tranches.

3. Formulation of MCM with DR

This section explains the demand side bidding of the new DR
program and formulates a modified MCM with DR incorporated,
with an emphasis on the market rule changes associated with the
DR program.

3.1. Demand side bidding
1) Offer specification

In DR program, the bidding offers submitted by consumers con-
sist of the following information:

e A series of price quantity tranches, which specify the quantity
of energy that the consumer is willing to curtail at the corre-
sponding prices. The price-quantity tranches in load offers are
arranged with price in decreasing order (see Fig. 2). It should be
noted that the bidding prices are required to be greater than a
price floor which is set at 1.5 times of the balance vesting price
(BVP), which is (The BVP is a price designed to “approximate the
long run marginal cost of a new entrant that uses the most economic
generating technology in operation in Singapore and contributes to
more than 25% of total demand” [1].) BVP is set by EMA quarterly.
The intent of the price floor is to prevent the load providers from
abusing the DR program, such as submitting at very low prices for
load reductions that would have been carried out without DR. It is
noted that the price floor is a relatively high price. As a result, the
load curtailments will only occur when the energy prices are rela-
tively high. In this respect, the DR program only provides the load
providers limited flexibility in managing their loads in response
to the price signals. However, it should be noted that the benefits
of DR program is most significant during periods of high energy
prices.

The total load, which is a conservative estimation of the MW
amount of demand if the load provider is not subject to any cur-
tailment. The load provider will get penalized if it is consuming
less energy than the total load implies. This total load is required
to be greater than the sum of all the quantities indicated in the

k
offer, i.e., TL, > ZleLQkJ.

Price ($/MWh)

v

Quantity (MW)

Fig. 3. The transformed load offer.

¢ The load ramp-up rate and ramp-down rate, which specifies how
fast the load reaches the instructed level. At the beginning of each
dispatch period, the load provider is required to ramp up or down
its energy withdrawal level at the respective ramp rates to reach
the instructed level of energy and maintain such level to the end of
the dispatch period. As aresult, if provided the scheduled quantity
for the immediately preceding period, the achievable load level
for upcoming period can be calculated.

Table 1 gives an example of a demand side offer comprising
two tranches. In this load offer, the consumer is willing to curtail
20 MW if the price is greater or equal to 400 $/MWHh, and further
curtail 30 MW if the price ramps up to 500 $/MWh.

2) Pre-processing of demand side bidding offer

Toillustrate the pre-processing, individual non-curtailable load is
first introduce. It refers to the forecasted amount of load that a load
provider is going to consume when all of its bidden curtailments
are accepted, i.e.,

Sk
ING, = TL; — ZJ:]LQM (13)

The quantities in the price-quantity tranches are the amounts of
load curtailment rather than the explicit amounts of load consump-
tion. Thus, the individual non-curtailable load is used to transform
the load offer (shown in Fig. 2 and Table 1) to a form which indicates
the load quantities that load provider is willing to consume and the
corresponding prices. In particular, the individual non-curtailable
load is assigned a bidding price P;, which is the same as how the load
in the current MCM is treated. The transformed load offer is shown
in Fig. 3. It is observed that the only difference between the trans-
formed load offer and the original load offer is the tranche of the
individual non-curtailable load at the price P;. Consequently, each
of the transformed load offer can be split into two offers with the
first consisting of only the individual non-curtailable load tranche
and the second offer the same form as in Fig. 2.

Since each TL, in the load offer is specified by the load provider to
give as a baseline for calculating its curtailment, the INC;, calculated
from Eq. (13) may not accurately estimate the energy consumption
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§ of each load provider. Thus, the sum of all INC, may not be able

£§ 5 E NS g g NR 5D to accurately estimate the total non-curtailable loaq (TNC), which is

= the total amount of forecasted system load that is not subject to

. any curtailment. To circumvent this issue, the total non-curtailable

§ load is calculated using the forecasted system load (i.e., D!) from
2| @ @ PSO and the bidden quantities from load offers, i.e.,

RE|223J{=QcEnE
H sk

TNC =D - LQy ;. 14

Zkzlzjzl Q. (14)

=3 The total non-curtailable load is non-negative. To illustrate this,

LS |lownuno o o

O |Nr—r == unn Eq. (14) can be reformulated as

H H Sk
INC = D' — TL + (TL - L )
S me Y (e Y
" S|lonmnmooocooo . . . . . s
O |- === === Since the total load is a conservative estimation, it is reasonable
to conclude that the sum of all the total loads, i.e., ZZI:]TL,( is no
= k
2 greater than the forecast D'. Furthermore, noting TL;, > ZS_ LQy i,
8= © < : j=1 J

TElNenaomeadon it can be deduced that TNC > 0.

With the introduction of TNC, all load offers are converted into
g two groups of tranches:
= nN . . .

FTElenogrRRIny e The first group consists of all the price-quantity tranches from
each load offer shown in Fig. 2, i.e., (LPk,j, LQk,j), k=1,..,H,j=
1,..., Sk All the parameters associated with this group are

83 directly from the load offers.

YEl8882wmeS eSS, ¢ The second group only has one tranche with the price P; and the
quantity , i.e., (P., TNC). This is an artificially created load offer to
participate in the market clearing process.

2 loo . .
v=l2838338888°., 3.2. Formulation of MCM with DR
= This section presents the mathematical formulation of the new
§ constraints, modification of constraints and modification of objec-
73|8R8RI8FIER tive function, which are induced by the DR program.
= 1) Demand schedule
Zlg
e o . . . . .
3|l To8828°2288 Similar to the supply dispatch schedule for generating units, the
demand schedule refers to the set of instructions indicating which
load providers are scheduled to and their scheduled capacities.
S The demand schedule can be expressed as the set of the
3‘2 § 2 @ § S S § 298 accepted quantities of each of the price-quantity tranches belong-
ing to both groups as discussed in last section. Let Iy denote
the accepted quantity of the total non-curtailable tranche. The
— demand schedule can be written as I = [lp, I, ..., lH]T with I, =
a*é 2BR88ecgaz9s [le1s - s | (k=1, ..., H). Furthermore, I, and [ are introduced
— | ™ N o~ - n un o J .
to denote the scheduled quantity of each load offer and the total
- scheduled load quantity, respectively, i.e.,

2

§ 3 [eNeNoloNoNoNel Sk

fE|RRgR2E233Y l":Zj:1lk’j’k:]""’H’ (15)

“ H
21z [=lo+> (16)
5| S g k=1
< ) o o o
T |g2|ec8s8%822, . . .
_F:: 2) Constraints associated with DR
g
2|g a) Modified energy balance constraint
g §: 292888888, With the demand side bidding, the demand is no longer a given
E|° OCIFFINNA = =10 forecasted value but a variable defined in Eq. (15). To handle this
& change, the energy balance constraint given in Eq. (3) is modified
Sl into the following form
o | &
o o
~E |2 ° q'+q)=(1+2r)1+Q —Q,
I R R R A S A 0 (17)
EE ) Lo oo ql—q35(1+ko)l+QE1—Q,1.
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b) Load ramping constraint

Let LQMAX and LQMIN; denote the upper bound and lower
bound limiting the scheduled quantity [, respectively. It can obtain
that

LQMAX = INCE'™® + I — INC; + RU x 30
pre pre (18)
LQMIN;, = max {INC}"® + IF"® — INC; — RD;, x 30,0}

Considering the upper and the lower bounds of the sched-
uled quantity of each load offer, the load ramping constraints is
expressed as follows:

lk — Wi < LQMAXk‘ (19)
lk + Uy > LQMIN,

c) Constraints on DR variables
The newly introduced variables associated with the DR satisfy
the following constraints

0 <lpj < LQyj.

0<lg<TNC, k=1,...,Hj=1,... 5k (20)

Wy, U >0
3) Modified objective function

Based on the pre-processing of load offers, the objective function
in Eq. (10) is modified as follows to incorporate the load offers from
the DR participants:

f*=PLl()+bfg7U7U/ (21)

where g and v are defined in Egs. (11) and (12), respectively; b and
v are given by

H sk
b= LP, i1, ; 22
Z,{lejzl kil (22)

H
V= Zk:l(szk + Kqug). (23)
4) MCM with DR and MCP

As can be seen from Eq. (21), the net benefit to be maximized
depends on both the supply dispatch schedule and the demand
schedule. The MCM with DR is summarized as

Find: q, 1

Maximizing: f

Subject to: Egs. (1), (2), (4)-(22).

Solving the above linear programming problem results in the
optimal supply dispatch schedule and demand schedule, which col-
lectively lead to the maximum net benefit. The overall process of the
MCM with DR is summarized in Fig. 4. Due to the change of energy
balance constraint discussed in Eq. (17), the MCP for energy is now

Table 3

The optimal dispatch schedule (MW).
Unit g, 4, G 4, G G, 4 @
i=1 150 0 90 0 20 0 150 90 20
i=2 250 0 0 0 15 0 250 0 15
i=3 100 0 60 0 20 0 100 60 20
i=4 150 0 80 0 0 0 150 80 0
i=5 70 100 30 0 0 0 170 30 0
i=6 60 80 50 0 10 0 140 50 10
i=7 50 30 10 0 0 0 80 10 0
i=8 50 0 30 0 10 0 50 30 10
i=9 40 0 10 10 10 0 40 10 10
i=10 20 0 5 0 5 0 20 5 5

Table 4
The market clearing prices ($/MWH).

MCP! (energy) MCP? (reserve) MCP? (regulation)
140 28.5 23.73

the Lagrange multiplier corresponding to Eq. (17) rather than Eq.
(3). The MCPs of reserve and regulation correspond to Egs. (4) and
(5), respectively.

4. Incentive payment

In order to promote DR participation, incentive payment is paid
to the DR participants when their load curtailments are scheduled
and the energy price is brought down.

For each load offer, its bidden curtailment may or may not be
selected. Since the upper bound of the achievable load level (i.e.,
LQMAX,) is considered in the MCM, the scheduled MW curtailment
can be calculated as

Sk‘
LC, = min {LQMAXk, Z 1LQ,{J} “l,k=1,...H (24)
i

It is straightforward that LC, is non-negative. Moreover, if
ZLLCk > 0,itis implied at least one load curtailment is accepted

and thus incentive payment is initiated; if Zf:lLCk = 0 it means
there is no load curtailment scheduled and thus there is no need
for incentive payment. As such, the former condition is used as
the trigger to the calculation of load curtailment quantity and
price. The rest of this section is discussed under the condition that
lej:l LCk > 0.

The LCy is the instructed MW curtailment rather than the actual
MWh curtailed. However, the incentive payment is based on the
actual MWh curtailment. The rest of this section explains the cal-
culation of the MWh curtailment and the incentive payment price
at $/MWh for curtailed MWh amount.

Table 5
Simulated offers from demand side.
Offer Load provider TL, (MW) RU, (MW/min) RDy, (MW/min) LP, 1 ($/MWh) LPy. > ($/MWh) LQy1 (MW) LQy 2 (MW)
Case 1 k=1 450 10 10 170 155 40 30
k=2 300 10 10 165 150 25 15
k=3 400 10 10 150 143 35 30
Case 2 k=1 450 10 10 150 125 40 30
k=2 300 10 10 130 120 25 15
k=3 400 10 10 110 105 35 30
Case 3 k=1 450 10 10 120 110 40 30
k=2 300 10 10 115 100 25 15
k=3 400 10 10 105 100 35 30
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(QniJ:Pnaj)
Dispatchable 2
P . q¢ Dispatch
units 0;, RegMAX,, RegMIN, Schedule
I pt,pd
PSO p? (ERGELD, I Demand
- 5 ; d
Qs LPes) | MCM Schedule
_
Pre-
processing
toad  |%QktP) : p—
providers | RDy RU RDy, RU,, mcp
Fig. 4. Overall process of the MCM with DR.
4.1. Calculation of load curtailment quantity LCQy
. o Q o LREF,+LC
Each load provider should have reached its instructed reference Q»’ /Tf’_,’f' 77 ( L)
power consumption level before the end of the dispatch period. Q_f//,/ A S
This reference level is given rE
s refere e s given by LREF?™ P . K

LREF;, = min{TLy, INC, + LQMAX,} — LGy (25)

The reference power consumption level of the immediately
preceding dispatch period (i.e., LREF;"®) is considered as the load
provider’s power level at the beginning of the current dispatch
period. As such, the power consumption level for both the begin-
ning and the end of the current period are known. The load
curtailment quantity in MWh, which is denoted as LCQy, is cal-
culated as the difference between energy consumption without
curtailment (i.e., LBCy) and with curtailment (i.e., LACy). LBC}, and
LAC}, are the MWh energy consumptions within the dispatch period
assuming that load is instructed to ramp up or down to reach
(LREF,, + LCy,) and LREFy, respectively (see Fig. 5). As such,

LCQy = LBQ, —LAQy, k=1,....H (26)
where
2
1 1 (LREF.+ LG, — LREFY™)
5 X(LREFk-‘rLCk)-‘rE X RDy x 60
if LREF;" > (LREFy + LCy),
LBQy = X
1 1 (LREF.+ LG, — LREFY')
3 x (LREF, + LCy) — 3 X RU, x 60
if LREF;" < (LREFy + LGy), ,
1 1 (LREF, — LREF{™®)
7 ¥ IREF+ 5 % 5560
if LREFE™ > LREFy,
LAQy =
S 1 (LREF, — LREFP")?
= x LREF}, — = x <
2 2 RU;, x 60
if LREFE™ < LREF;.

4.2. Calculation of load curtailment price

The DR participants are paid one third of the additional con-
sumer surplus generated from the energy price reduction which
results from the load curtailments dispatched. In order to calculate
the price reduction, a reference energy price as if there is no DR
program is required. This reference price is determined through a
re-run of the MCM with the bidding prices of all load offers (i.e.,

LREF;

Energy withdrawal level

Start End Period

Fig. 5. Calculation of curtailment quantity.

LPy ;) modified to Py. Thus, for each dispatch period, the MCM with
DR will be run twice, once with the original load offers and once
with the modified load offers. The market clearing price for energy
produced in the first case, denoted as MCP!, will be used by the mar-
ket participants, whereas the price generated in the second case,
denoted as MCP'®f, serves as a reference only for calculation of the
additional consumer surplus.

The additional consumer surplus is calculated as
ASC = max { (McP™ — MCP) x (% x D! - p), 0) } (27)
where p, a known constant, is the aggregate quantity of those loads
covered by regulatory contracts (e.g., vesting contracts).

The load curtailment price is calculated as

1 , ACS
X e
3 D e LCQ

With the load curtailment quantity in Eq. (25) and the load curtail-
ment price in Eq. (27), the incentive payments to load providers can
be calculated as

LCP = (28)

IP, = LCQ x LCP (29)

5. Numerical analysis

Numerical analysis is conducted to demonstrate how the cur-
rent MCM and the modified MCM with DR work, and illustrate the
incentive payment mechanism.
5.1. Current MCM

The details of the Singapore’s market, e.g., the offer data from

generation companies and the parameters of the generation facil-
ities, are confidential. As such, it is not possible for this work
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Table 6
Parameters associated with demand side offer.
Load provider INCP'™® (MW) I (MW) LREFP™ (MW) o (MWh) TNC (MW)
Cases 1,2,3 k=1 350 80 430 300 975
k=2 250 70 320
k=3 300 100 400
Table 7
The optimal demand schedule.
Load provider lo (MW) 1 (MW) Iz (MW) LC, (MW) [ (MW)
Case 1 k=1 975 40 30 0 1150
k=2 25 15 0
k=3 35 30 0
Case 2 k=1 975 40 30 0 1070
k=2 25 0 15
k=3 0 0 65
Case 3 k=1 975 0 0 70 975
k=2 0 0 40
k=3 0 0 65

to duplicate the MCM with real market data. Instead, this simu-
lation focuses on illustrating the co-optimization process of the
current MCM using a 10-unit representation. All of the 10 dis-
patchable units (i.e., M=10) are bidding on energy, reserve and
regulation. The details of their offers and other parameters are
shown in Table 2. It can be seen that each unit offers two quan-
tity/price tranches for energy, reserve and regulation, respectively,
ie,T'=T? = Ti?’ =2(i=1,...,10). The demand forecasts on sys-
tem load and regulation are assumed to be 1150 MW and 90 MW,
respectively. The other parameters are set as: A\g = 2%, Ay = 1.5
and A\, = 0.6. With above setting, the dispatch schedule can be
written as

T
[ g gl 2 2 2 2 3 3 33
9= [ql,l’ql.Z""’qIO.l’qIO.Z’ql.l’ql.Z’""qIO.l’qIO.Z’ql.l’ql,Z’""qlo.l’qlo.z] :

The MCM simulation is performed in the MATLAB environment
and the optimization problem is solved by intlinprog, which is a
MILP solver for finding the minimum of a problem specified by:

v(intcon) are integers
A-v<bh,
Aeq - v = beq,
Ib <v<ub,

min QTvsuch that
v

where Q, v, intcon, beq, Ib and ub are vectors; and A and Aeq are
matrices [19].

The simulation results are shown in Tables 3 and 4 (all the slack
variables are found to be 0 and not shown in the result tables). The
observations on the current MCM are summarized as below:

e From Table 2, it is observed that the bidden prices for energy can
be negative. As per the current market manual, the valid bidden
price range for energy offer is [-4500, 4500]($/MWHh). In practice,
some generation facilities will always bid energy at the lowest
allowable price to ensure that their generators are kept running
since the cost of stopping the generators is high.

e From Table 3, it is noted that MCM will fully dispatch the capaci-
ties with lower prices of each unit before dispatching those with
higher prices from the same unit. The reason is that the capacities
with lower prices have the priority to be dispatched compared
to those with higher prices within one offer. However, it should
be pointed out that the MCM may dispatch the capacities from
some units with higher prices before the capacities are fully dis-
patched from those units with lower prices. This is because the
co-optimization process has to take care of other constraints

Table 8
The market clearing prices with DR ($/MWH).

MCP? (energy) MCP? (reserve) MCP? (regulation)
Case 1 140.00 28.50 23.73
Case 2 124.10 28.50 23.61
Case 3 120.00 28.50 23.60

when different units are compared with respect to their offer
prices.
Another observation from Table 4 is that the MCP can differ from
the bidding prices. This is due to the fact that the MCPs are the
marginal cost prices and are determined by the constraints Eqgs.
(3)-(7) in the co-optimization process. It should be highlighted
that the developed MCM is a MILP problem and the binaries
render this optimization problem non-convex. Thus, no dual vari-
ables can be directly obtained from solving the MILP through
intlinprog. However, once the MILP is solved, the optimal values
for the binaries will be obtained. The MILP problem is converted
into a LP problem through fixing the binaries at their optimal
values and subsequently the MCPs can be obtained as the dual
variables of the LP problem. One may refer to Ref. [20] for a critical
review of obtaining MCP through the above described way.

e The developed MCM is a simplified model of Singapore’s clear-
ing process. It focuses on how Singapore’s MCM uniquely sets the
constraints for reserve and regulation whereas a few constraints,
such as power loss of transmission lines, unit commitment, gen-
erator ramping rate, nodal prices, are not considered.

5.2. MCM with DR

This section presents three numerical case studies for the modi-
fied MCM with DR incorporated. The supply offers and the forecasts
on energy and regulation are assumed to be the same as those dis-
cussed in Section 5.1. The demand side bidding offers are shown in
Table 5. All the prices in Table 5 are assumed to be higher than the
floor price.

With the supply offers from Table 2, the demand side offers
in Table 5, and the other necessary parameters shown in Table 6,
the co-optimization problem described in Eq. (21) can be formu-
lated and solved by intlinprog. The results are summarized in
Tables 7 and 8. The calculation of LCP for Case 2 is presented
here to illustrate the calculation process of the incentive pay-
ments. In Case 2, it can be obtained that MCP™f=$140/MWh
and MCP!'=$124.10/MWh. By using Eq. (27), it is obtained
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Table 9
Incentive payments in Case 2.

LCQ; (MWh) LCQy; (MWh) LCQs (MWh) ACS ($) Z;IPi (%) LCP ($/MWh)
0 6.81 28.98 43725 1457.5 40.72
Table. 10
Real energy price and BVP in Singapore [21].
2016 January February March April May June
Energy price ($/MWh) Average 74.89 49.06 4481 43.60 55.54 49.10
Min. 28.08 0.00 22.10 24.47 35.42 36.20
Max. 903.66 201.10 118.10 136.53 1010.75 76.47
BVP ($/MWh) 119.48 100.01

that ACS=$4372.54. Furthermore, considering the individual load
curtailment which is shown in Table 7 and Eq. (26), the load cur-
tailment price can be obtained by using Eq. (28): LCP = $40.72/MWh
(shown in Table 9).

The observations on the simulation of MCM with DR are sum-
marized as below:

e From Table 5, it can be seen that, unlike many DR where load
providers indicate “willingness to consume”, Singapore’s demand
side offers indicate “willingness to curtail” at different price
points. Furthermore, the ramp rates are required to ensure that
the scheduled curtailment (if any) is achievable and thus the DR
is able to function as per designed.

e It can be seen from Table 7 that no curtailment is dispatched in
Case 1 and the market clearing prices (shown in Table 8) are the
same as those in Table 6. In Cases 2 and 3, there are different
levels of curtailments and the energy prices drop accordingly. As
the MCM with DR is a co-optimization seeking to minimize the
overall cost of energy and ancillary service, allowing demand side
bidding for energy consumption will affect the MCP for not only
energy but also reserve and regulation. This can be observed from
Table 8 through comparing Case 2 or 3 with Case 1.
The ACS is considered as the benefits resulted from implementing
the DR program. One third of the ACS is allocated as incentive pay-
ment to those load providers who contribute to the curtailment
(shown in Table 9). Therefore, two thirds of the ACS is accrued
to the rest of the load providers. Such an IP mechanism design
is to ensure a fair return to all the DR participants. The incentive
payments are recovered from all load providers through an uplift
charge (load providers pay the energy at the price of MCP with
an uplift charge).

It should also be highlighted again that the load providers are

only allowed to submit bids at prices higher than the floor price

and hence the flexibility they have in managing their energy con-
sumption is limited. As a result, no curtailment will be scheduled
if the total load demand can be supplied at a price lower than

the floor price. Furthermore, as the designed floor price (i.e., 1.5

times of BVP) is relatively high compared to the energy price, load

curtailments will only be scheduled when the price spikes occur.

In another word, no curtailment will be activated under normal

conditions. To illustrate above point, the energy price statistics

and BVP for the first half of 2016 are presented in Table 10. It can
be seen that (1) the energy price average for all the six months
is much lower than the floor price, and (2) even the maximum
energy price of March, April and June are lower than the floor
price. This means that the energy price is lower than the floor
price for most of the time (the energy prices during March, April
and June are always lower than the floor price). It is also observed

that the maximum price in some months can be very high (e.g,

January and May), which means there were price spikes on some

periods within those months. It is to bring down the energy prices

during these periods with price spikes (a price higher than floor
price can be considered as price spike) that Singapore’s DR is
designed. However, due to lack of real market data, it is not possi-
ble for this work to simulate the impacts of the new DR program
on these price spikes. Hence, the real economic gain of the new
DR program is not analyzed in this work. Nonetheless, from the
results shown in Table 8, the DR program will help to bring down
the energy price once the energy price is higher than the bidden
prices (which are higher than the price floor) from demand side.

6. Conclusions

This paper provides a comprehensive study of the market clear-
ing process of Singapore’s wholesale market and the DR program
being introduced. Both the current MCM and how the new DR
program is going to be incorporated into the current MCM are
explained in detail and their mathematical models are formulated.
The key requirements on reserve and regulation in the market
clearing process are elaborated. The new constraints and require-
ments induced by the new DR program are also discussed.

The new DR program only allows the consumers limited flexibil-
ity in actively managing their loads in response to the price signals
and therefore the benefits of DR may not be maximized. However,
considering that this DR is first of its kind in Singapore, such a DR
design ensures a smooth transition from the current regulated mar-
ket to a deregulated market with demand side bidding and hence
it is a reasonable compromise. As such, it provides a valuable ref-
erence for other electricity markets intending to achieve market
deregulation through initiating DR programs.
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